We present a microwave spectral taxonomy study of several hydrocarbon/CS 2 discharge mixtures in which more than 60 distinct chemical species, their more abundant isotopic species, and/or their vibrationally excited states were detected using chirped-pulse and cavity Fourier-transform microwave spectroscopies. Taken together, in excess of 85 unique variants were detected, including several new isotopic species and more than 25 new vibrationally excited states of C 2 S, C 3 S, and C 4 S, which have been assigned on the basis of published vibration-rotation interaction constants for C 3 S, or newly calculated ones for C 2 S and C 4 S. On the basis of these precise, lowfrequency measurements, several vibrationally exited states of C 2 S and C 3 S were subsequently identified in archival millimeter-wave data in the 253-280 GHz frequency range, ultimately providing highly accurate catalogs for astronomical searches. As part of this work, formation pathways of the two smaller carbon-sulfur chains were investigated using 13 C isotopic spectroscopy, as was their vibrational excitation. The present study illustrates the utility of microwave spectral taxonomy as a tool for complex mixture analysis, and as a powerful and convenient 'stepping stone' to higher frequency measurements in the millimeter and submillimeter bands.
Introduction
Quantitative chemical analysis of complex mixtures is of interest to a broad range of fields ranging from atmospheric and combustion science, 1 to the food industry, 2 and astrochemistry. 3 Because of their high sensitivity, mass spectrometry and gas chromatography, either separately or in combination, are widely used analytical techniques. Although capable of discriminating mixtures comprising ∼100 compounds 4, 5 , both techniques become laborious as the number of components increases, and may lack unambiguous molecular specificity for large compounds. Recent studies of flames of 2,5-dimethylfuran -a promising biofuel al-ternative to ethanol due to its higher energy density 6 and ease of production from biological sources -provide a good illustration of the strengths and weaknesses of these approaches. 7 In the study by Wu et al., the combustion products of 2,5-dimethylfuran were investigated using molecular beam photoionization mass spectrometry (PIMS). 8 The same system was studied again in 2014 by a separate team using gas chromatography. 9 Although the two studies agree on many compounds, there are marked differences in the molecular assignments of the C 2 H 6 O, C 4 H 6 O, C 4 H 8 O, and C 5 H 8 O isomers. For example, where one study assigned signal from C 2 H 6 O to be dimethyl ether (CH 3 OCH 3 ), 9 the other does not.
Advances in microwave spectroscopy in the last decade provide a promising, complementary approach to complex mixture analysis. The development of broadband or chirped-pulse (CP) Fourier transform microwave (FTMW) spectroscopy has revolutionized the field, allowing data over many GHz of bandwidth to be collected simultaneously. 10 As the spectral resolution is normally very high, and rotational transitions provide a unique diagnostic for each chemical species since they are dictated by the three moments of inertia of the species, it is now possible to identify the presence of many chemical compounds in a mixture and quantify their abundance with no ambiguity in the atomic connectivity or molecular structure. Because a rich array of astronomical molecules can often be produced when an electrical discharge is combined with a supersonic jet source 11 , much laboratory effort has been devoted to characterizing the resulting rotational spectra, with the expectation that entirely new species of astronomical interest might be detected. Due to the non-specificity of this production method, however, the simultaneous production of both familiar and exotic molecules creates a challenge in rapid spectral analysis and identification.
Astronomical sources, analogous to biofuels, are extremely complex mixtures due to their highly diverse and unusual chemistry: conditions depart significantly from thermodynamic equilibrium, 12 and are known to have considerable spatio-chemical variation. This complexity has become even more apparent and daunting with the advent of powerful radio interferometers, specifically the Atacama Large Millimeter/sub-millimeter Array (ALMA), which can perform spectral line surveys in 8 GHz frequency intervals with unprecedented sensitivity and angular resolution. In doing so, many new spectral lines have been reported, but a sizable fraction of these remain unassigned due to the absence of supporting laboratory data. [13] [14] [15] Some of these unassigned astronomical lines may arise from entirely new molecules, which are critical to advancing our understanding of interstellar chemistry. Equally likely, however, is that many instead arise from a relatively small number of highly abundant, known interstellar species, but in previously unanalyzed, low-lying vibrational states or isotopic forms. 16 One of the richest and most chemically diverse astronomical sources is IRC+10216, a carbon-rich evolved star. Nearly 50% of the nearly 200 known astronomical molecules have been observed there, including unsaturated carbon and sulfur-containing species in vibrationally excited states. 15, 17, 18 While other chemically rich sources such as Sgr B2(N) are challenging to analyze due to the complexity brought about by line-confusion, especially in the ALMA era 13 , spectra of IRC+10216 do not yet approach this limit, even at high sensitivity. Nevertheless, the number of unassigned features is shockingly large. 15 For this reason there is great value in conducting laboratory investigations that mimic -in a very general sense -the chemistry in IRC+10216, in an attempt to understand the rich but enigmatic spectrum of this source.
The traditional experimental approach to investigating the rotational spectrum of a molecule is a successful, if laborious, procedure in which the species of interest is selectively produced, and quantum numbers are then assigned to new transitions on the basis of a model Hamiltonian in a largely step-wise fashion. 19 This method has the benefit of providing predictive fits which are nominally accurate for lines not directly measured in the laboratory; the extent to which this extrapolation remains valid is closely related to the spectral complexity of the molecule and the robustness of the model. 20 Another approach, pioneered in recent years, eschews the assignment of quantum numbers, and instead provides a 'complete' list of frequencies and intensities for all transitions of a single molecule observed within a narrowly-constrained range of excitation temperatures. 21 This approach has been used to successfully identify a significant number of previously unassigned lines in molecular line survey data, 16 and has the distinct advantage of not needing to selectively target one vibrational state at a time for analysis. All excited states which have a detectable population at a given excitation temperature are analyzed and cataloged. While it has the merit of including large numbers of transitions which may be missing from the traditional Hamiltonian-based catalogs, there are two main drawbacks: first, the end-product line catalogs have no predictive power, and therefore cannot be used outside the frequency -and to a lesser extent temperature -range of the experiment, and second, the non-specificity in target selection is itself problematic: in astronomical spectra, there is no obvious way to readily distinguish between weak lines of the ground vibrational state and lines of excited vibrational states. We recently developed an alternative approach, microwave spectral taxonomy (MST), to identify unknown species in complex mixtures -new molecules as well as vibrational satellites and isotopologues of known species -without an a priori bias of atomic composition or molecular structure. 11 Here, we present a MST reaction-screening study of C-and Schemistry relevant to an astronomical source such as IRC+10216. By using a S-bearing precursor gas, carbon disulfide (CS 2 ), and either acetylene (HCCH) or diacetylene (HC 4 H), and subjecting these reactants to a dc electric discharge in combination with a supersonic jet, a rich array of transient species, many of direct relevance to the chemistry of IRC+10216, were produced in high abundance. In the course of our analysis, many entirely new spectral lines were observed with high signal-to-noise ratios (SNRs), and found to be lie close in frequency to those predicted from published or new theoretical vibration-rotation interaction constants for C 2 S, C 3 S, or C 4 S. By extrapolating these precise low-frequency measurements to high J, attempts were then made to detect higher frequency transitions in legacy millimeterwavelength direct-absorption spectra starting from the same reactants. The large number of new states enables one to study mode-specific excitation in each chain in detail and the extent of vibrational excitation as a function of chain length; 13 C isotopic studies have also been performed to test possible formation pathways for C 2 S and C 3 S in our discharge source.
Methodology

Spectroscopy of C 2 S, C 3 S, and C 4 S
Both C 2 S and C 4 S are open-shell molecules possessing 3 Σ − electronic ground states 22, 23 . C 2 S possesses three vibrational modes, two stretching, ν 1 at 1634 cm −1 and ν 3 at 846 cm −1 above ground, and a doubly-degenerate bending ν 2 at 134 cm −1 (Table A1); C 4 S possesses a total of seven modes, four stretching and three bending modes (Table A1) . C 3 S has a closed-shell 1 Σ + electronic ground state 24 and five fundamental vibrations, three stretches, ν 1 to ν 3 , respectively at 2046, 1560, 731 cm −1 , and two doubly-degenerated bends, ν 4 and ν 5 at 490 and 150 cm −1 . Fig. 1 and A1 show the vibrational energy level diagram of C 2 S, C 3 S, and C 4 S along with the deformation associated with each vibration.
As with any linear polyatomic molecule, vibrationally excited states with one or more quanta of excitation in a bending mode require an additional quantum number, l, with l = ∑ i l i where l i = |v i |, |v i − 2|, |v i − 4|, · · · with v i the quanta of excitation in the ν i mode. Selection rules for pure rotational transitions are ∆J = ±1, ∆l = 0. As a consequence, pure rotational transitions from the first excited state of a bending l = ±1 mode will appear as doublets, while triplets are expected for the second excited state (l = 0, ±2), etc.
To avoid confusion or ambiguity in notation, we have adopted the following convention throughout the paper: vibrational states are labelled simply as v i = u i , or when appropriate v i = u l i i and (v i , v j ) = (u i , u j ), if more than one vibration is excited with u i /u j the quanta of excitation in the ν i /ν j modes, respectively, e.g., v 2 = 1 or (v 3 , v 4 ) = (2, 2 0 ). The only exception is Figure 1 , where the notation (v 1 v 2 v 3 ) for C 2 S and (v 1 v 2 v 3 v 4 v 5 ) for C 3 S has been used for the sake of simplicity (Fig. A1 adopts the same formalism for C 4 S).
Microwave spectral taxonomy
In the centimeter-wave regime, FTMW techniques have been a workhorse of molecular spectroscopy for more than 30 years. 25 In either the CP or cavity variants of this method, a short pulse of microwave radiation, typically of order a few µs, creates a coherent macroscopic polarization, provided that one or molecules possesses a rotational transition in the FT-limited frequency bandwidth of the pulse. Because the timescale of the free-induction decay (FID) is typically at least an order of magnitude longer than the excitation step, the molecular signal can be detected with a sensitive microwave receiver in a 'background-free' regime. The Fourier-transform of the time-domain signal in combination with the frequency of the microwave radiation yields the precise frequencies of the rotational transitions.
Cavity FTMW spectroscopy is widely used because it provides high sensitivity, albeit with a very narrow instantaneous bandwidth, of order 0.5 MHz at each setting of the Fabry-Perot cavity. In contrast, CP-FTMW extends the instantaneous spectral coverage to many GHz -at a modest reduction (a factor of ∼40) in sensitivity and spectral resolution (a factor of ∼10) compared to the cavity variant -allowing the acquisition of enormous portions of a rotational spectrum simultaneously. 10 Because CP-FTMW has a fairly flat instrumental response, relative abundances of multiple species can often be determined with far greater accuracy than with cavity measurements.
To exploit the unique strengths of CP-FTMW and cavity-FTMW, MST was recently developed. In this procedure, the chirped spectrum is first used as a survey tool to detect active, or 'bright,' resolution elements. The spectral features lying within the frequency range of the CP-FTMW spectrum (typically 2-8 or 8-18 GHz) are analyzed using a program such as SPECDATA, which is a newly developed in-house database query system that rapidly assigns transitions of known species, common contaminants, and instrumental artifacts, in a semi-automated fashion. 26 The remaining, unidentified features are then scrutinized using cavity spectroscopy for rapid characterization, because of its higher instantaneous sensitivity and spectral resolution. Part of this analysis is to categorize each spectral line based on a set of quantifiable properties: dipole moment; precursor dependence; magnet susceptibility; requirement of an excitation source (e.g., electrical discharge or laser ablation). Following classification, lines that share a common set of characteristics may be then subjected to exhaustive double resonance (DR) tests to determine those transitions that share a common upper or lower energy level, and thus arise from the same carrier. Previous studies of large aromatic compounds 27 found that only a handful of linkages may be needed to determine all three rotational constants of a molecule. Details of the two spectrometers used in the present investigation have been described in detail elsewhere 11 , and will only be discussed briefly.
Centimeter-wave Measurements
In this study, CP-FTMW spectra were acquired in the 7.5-18 GHz band using several precursor combinations: a sulfur source (CS 2 ) and one of two hydrocarbons (HCCH and HC 4 H), heavily diluted in argon, and then expanded in neon. The various gas mixtures, their concentrations, and total number of FIDs acquired in each experiment are summarized in Table 1 . In all cases, the gas mixture was subject to a dc discharge just after the pulsed nozzle source, but prior to supersonic expansion into the large vacuum chamber. The pulsed nozzle was operated at a repetition rate of 5 kHz, the backing pressure behind the nozzle was 2.5 kTorr (333 kPa), and the discharge voltage was typically 1.5 kV. Finally, 10 FIDs were collected per gas pulse during the CP-FTMW measurements. In addition to recording spectra of the two CS 2 /hydrocarbon mixtures, spectra starting with only CS 2 or HC 4 H were also acquired, to determine which species required the presence of both reactants.
After acquisition, features with a specified SNR (greater than five) were automatically flagged in each CP-FTMW spectrum, and subjected to further processing to identify those that coincided with transitions of well-known molecules or are instrumental in origin. Roughly 50% of the original features were removed in this step; the remaining features were then scrutinized further with a cavity FTMW spectrometer using essentially identical experimental conditions. A by-product of the cavity studies is improved frequency accuracy (2 kHz or better) compared with CP-FTMW spectroscopy, by roughly an order of magnitude (10 to 50). If a new series of nearly harmonically related lines was identified between 7.5 and 18 GHz, the measurements were routinely extended to 40 GHz in the cavity instrument with the same level of accuracy. Double resonance techniques were also used to extend measurements above the frequency range of the cavity instrument, providing that the higher-frequency line shared an energy level with a strong centimeter-wave line (see Tables A3 and A5 ).
Millimeter-wave Measurements
Evidence for millimeter-wave lines of vibrationally excited C 2 S and C 3 S was found in archival spectra taken during previous searches for the HCCS 28 and HC 3 S radicals 29 . Spectra were acquired between 253 and 280 GHz using a 3 m long free space absorption spectrometer that has been described in detail previously 30, 31 , in which a low pressure (35 mTorr) dc discharge (200 mA) was struck through HCCH, CS 2 , and helium (He) in a molar ratio of 10:5:1, with the walls of the discharge cell cooled to 190 K using liquid nitrogen. In this frequency range, strong lines of both HCCS and HC 3 S were observed, as were lines of C 2 S and C 3 S. For C 2 S, two rotational transitions (J = 21 − 20 and 20 − 19) were covered, while five transitions (J = 48 − 44) of C 3 S lie in the same frequency range due to its smaller rotational constant. Tunable millimeter-wave radiation, generated by a phaselocked Gunn oscillator in combination with a frequency multiplier (×2 or ×3), passed twice through the absorption cell to improve the SNR. Before entering the cell, radiation first passed through a grid polarizer and then, after passing through a lens, propagated along the length of the discharge cell where it was then reflected by a roof top mirror; reflection rotates the plane of polarization by 90 • . After counter-propagating back through the cell, radiation was reflected by the grid polarizer and focused onto a sensitive, liquid He cooled indium antimonide (InSb) detector. To suppress 1/ f noise, frequency modulation combined with lock-in detection at 2 f was used, resulting in line profiles that are well described by the second-derivative of a Lorentzian.
Because the Gunn oscillator is a resonant device with limited frequency agility, spectra were acquired in 200 MHz segments before the oscillator required manual re-tuning; the resulting segments were then concatenated together to produce a survey with continuous frequency coverage over many GHz. To distinguish between rotational lines of radicals and non-radicals, each frequency segment was recorded twice, once in the absence of a strong axial magnetic field, and then again in the presence of the magnetic field using otherwise identical conditions. By subtracting these two spectra, it is possible to identify only open-shell species such as C 2 S, as non-magnetic lines are typically subtracted out, with residuals at the level of a few percent. In contrast, lines of closed-shell C 3 S are expected to be present in both spectra. Because each rotational transition of C 2 S is magnetic and consists of a closely spaced triplet, this combination provided a distinct spectral signature for new lines of C 2 S, even though only two of its transitions fall in the range of the existing survey.
Quantum chemical calculations
Calculations of the molecular structures and vibration-rotation interactions were performed using the CFOUR suite of electronic structure programs. 32 The molecular geometries of C 2 S and C 4 S were optimized using coupled-cluster methods with single, double, and perturbative triple excitations [CCSD(T)], based on an unrestricted Hartree-Fock (UHF) reference wavefunction to treat the triplet multiplicity of these species. The calculations were performed with the frozen-core (fc) approximation using the correlation consistent basis sets of Dunning (i.e. cc-pVXZ). 33 The geometry optimizations were converged to a root-mean-squared value for the molecular gradient to less than 10 −7 hartrees/bohr. The resulting structures were verified to be minimum energy geometries by harmonic frequency analysis. Subsequently, the vibrationrotation coupling constants were calculated to first order (α i ) using second-order vibrational perturbation theory (VPT2) as implemented in CFOUR, with the required cubic force-fields computed via finite-differences of analytic gradients.
The exothermocity of the reaction between linear C 3 and S ( 3 P) were calculated using the HEAT345(Q) scheme. The method is well-documented in previous publications, 34, 35 and thus only briefly summarized here. The molecular geometries of linear C 3 and C 3 S are first optimized at the ae-CCSD(T)/cc-pVQZ level of theory. Based on the structure obtained at this level, the HEAT345(Q) energy (E HEAT ) is given by the sum of additive terms:
(1) where E ∞ HF and E ∞ CCSD(T) are the extrapolated Hartree-Fock and CCSD(T) correlation contributions based on calculations with aug-cc-pCVXZ (where X=T,Q,5) basis, E ∆T−(T) is the extrapolated difference between the fc-CCSDT and fc-CCSD(T) energies with cc-pVXZ (where X=T,Q) basis, E ∆HLC , E (Q) is the correlation contribution from perturbative quadruple excitations from an fc-CCSDT(Q)/cc-pVDZ calculation, E ZPE is the harmonic zero-point energy, E DBOC is the diagonal Born-Oppenheimer correction, and E Rel. denotes the scalar relativistic corrections to the energy based sum of the mass-velocity, one and two-electron Darwin terms. Details on the extrapolation schemes used can be found in Reference 34. The CCSDT(Q) calculation was performed using the MRCC program interfaced with CFOUR. 36 
Results
Although there is considerable variance in the chemical richness of the four discharge mixtures (Table 2) , all produce molecules of astronomical interest. While CS 2 alone only yields the shortest carbon-sulfur chains (C 2 S to C 4 S) in detectable abundances, evidence was found for more than a dozen acetylenic free radicals, carbenes, and methyl polyynes in the HC 4 H discharge, nearly all of which have been detected in space. Addition of a hydrocarbon to a CS 2 discharge results in a plethora of carbon and sulfur compounds, of which 36% have already been observed in space. As illustrated in Figure 2 and Tables 2-A2, one of the most striking features in the CS 2 /hydrocarbon discharges is the remarkably high SNR of small reactive species such as C 3 S, and the large number of newly identified lines close in frequency (within a few per cent) to these strong features. Indeed, the SNR is high enough for C 3 S that we were able to observe CCC 33 S in natural abundance in both the CS 2 + HC 4 H and CS 2 + HCCH spectra, and assign its rotational spectrum for the first time (see Tables A10 & A11). Due to the high sensitivity of the measurements, evidence was routinely found for common contaminants such as SO 2 and OCS in our chirped-pulse spectra. In particular, the CS 2 + HCCH mixture experiment was performed immediately after an experiment using SO 2 as a precursor, yielding strong lines of this species, its vibrational satellites, and isotopologues in the broadband spectrum. It is also worth noting a weak C 3 S line was detected in the CP-FTMW spectrum nominally containing only HC 4 H and carrier gas, a testimony to the ease with which C 3 S can be produced even when trace quantities of CS 2 are apparently present.
Nearly all of the species observed in the CS 2 + HC 2 H spectrum are also found in the CS 2 + HC 4 H discharge, with the latter mixture generally resulting in much stronger lines for most carbonrich molecules (Table 2 ). Because this mixture yields the richest array of compounds, it is the main focus of the spectral analysis presented here. In this spectrum, 59 unique variants (including isotopic and vibrational states) from 42 chemical species were assigned; among these are five vibrational satellite transitions of C 3 S and SH, which were observed in the centimeter domain for the first time using previously reported rotational constants (see Tables 2, A8 , and A15). Once transitions of these species were assigned in the CP spectra, exhaustive binary DR tests were performed on the remaining transitions to identify other features that might arise from a common carrier or carriers. Many DR linkages were found, but most connect only two lines separated by ∼5.8 GHz, implying a rotational constant close to that of C 3 S (∼2.9 GHz), since this molecule has two transitions within the range of the CP-FTMW spectrum, one at 11.5 GHz (J = 2 − 1) and another at 17 GHz (J = 3 − 2), both of which lie close in frequency to the new DR linkages. Taken together, these findings strongly suggest the presence of many new vibrationally excited states of C 3 S. Surprisingly, some of the unidentified lines are comparably in intensity to lines from the v 5 = 1 1 (CCS bending), v 4 = 1 1 (CCC bending) and v 3 = 1 states of C 3 S, which were previously observed by Tang and Saito, 38 and Crabtree et al. 11 , respectively (see Fig 2) .
Working under the operative assumption that these unidentified lines arise from still other vibrationally excited states of C 3 S, and that additional transitions should obey a simple linearmolecule progression, follow-up cavity measurements were undertaken to detect higher-frequency (>18 GHz) transitions. Because the predicted frequencies of the higher-J lines are simply related to one another by ratios of integers, little search was required. On the basis of theoretical vibration-rotation constants calculated previously 42 and those in §2.5, nearly 20 series have now been assigned to vibrationally excited normal C 3 S or one it is more abundant isotopic species. newly-assigned transitions, while the measured centimeter-wave frequencies are given in Table A8 .
The presence of vibrationally excited lines of C 3 S in our spectra suggests that C 2 S and even C 4 S may be excited similarly. Only the J N = 2 1 − 1 0 transition of C 2 S near 11 GHz, however, lies in the frequency range of the CP-FTMW spectrum, with the next strong transition lying closer to 22 GHz; consequently, no new lines of C 2 S can be identified by DR using only the CP-FTMW coverage. Nevertheless, in CP-FTMW spectra where C 3 S lines are strong, vibrationally excited lines typically fall within a few % (i.e. a few 100 MHz near 11 GHz) of the ground state (see Fig. 2 ). To establish if some of the unidentified lines near 11 GHz arise from vibrationally excited C 2 S, surveys covering roughly ±2% in frequency around the J N = 1 2 −2 1 transition of the ground state near 22 GHz were subsequently performed using cavity FTMW spectroscopy. Several unidentified lines were observed in this frequency region, and soon afterwards linked to low-frequency lines in the CP-FTMW spectrum by DR. Still higher-frequency transitions were then measured with the cavity spectrometer up to 40 GHz, and an additional line was often detected by DR spectroscopy between 40 and 60 GHz. On the basis of the close agreement between the measured lines and predictions from the vibration-rotation constants in §2.5, these lines have been assigned to the ν 1 and ν 2 stretching modes, two quanta of the ν 3 bending mode, or some combination of the three. Table A3 summarizes the centimeterwave measurements of the new vibrational states.
Although no DR linkages implicate new vibrationally excited states of C 4 S, careful inspection of the four rotational transitions that lie in our CP-FTMW spectra revealed a weak cluster of features displaced to slightly higher frequency compared to the ground state line for each transition. Subsequent assays, chemical tests, and DR measurements established that these lines behave as the ground state, and on the basis of the vibration-rotation constants given in Table 4 , were assigned to the two lowest-frequency bending modes (v 6 = 1 and v 7 = 1); these transition frequencies are summarized in Table A12 . Under optimized experimental conditions, lines of v 6 = 1 are roughly 50 times weaker than the same lines of the ground state, while those of v 7 = 1 are closer to a 100 times weaker, implying T vib ∼ 130 K and ∼ 40 K respectively. Despite the comparably high SNR of lines of C 5 S (Table 2) , and some prior experimental work in the infrared, 43 , no vibrationally excited lines were found for this species.
On the basis of the newly measured lines of vibrationally excited C 2 S and C 3 S at low frequency, predictions were then made between 253 and 280 GHz, a frequency region that coincides with a survey previously performed in a low pressure, long-path dc glow spectrometer ( §2.4). Because the expected uncertainty in line positions obtained by extrapolation is only a few MHz at these frequencies, assignments of higher-J transitions of vibrationally excited C 2 S (J = 20, 21) and C 3 S (J = 44−48) were fairly straightforward (see Tables A5 and A9 ). Fits that combine both sets of measurements were then performed for each new state using the CALPGM (SPFIT/SPCAT) suite of programs. 44 The best-fit constants are given in Tables A6 and A10 for C 2 S and C 3 S, respectively; those for C 4 S are summarized in Table A13 . The data set for many vibrational states is limited to centimeter-wave measurements. In these cases, the centrifugal distortion constant D was fixed to the value of the normal isotopic species.
In addition to vibrational satellite lines of C 2 S and C 3 S, transitions from vibrationally excited CS, C 34 S, 13 CS, and C 33 S were also identified in the course of our re-analysis of the millimeterwave survey. These measurements are summarized in Table A14 . Table A15 ).
Discussion
MST as a stepping stone for millimeter-wave assignment and astrophysical implications
The present work demonstrates a simple but highly useful aspect of MST -the ability to rapidly and confidently identify new vibrational satellite transitions of abundant, well-studied molecules in a reaction mixture containing familiar and transient species. As demonstrated here, an electrical discharge of two small-molecule precursors, CS 2 and either HCCH or HC 4 H, produced a mixture of considerable complexity in which in excess of 70 unique chemical species, their more abundant isotopic variants and/or in their vibrationally excited states are present in detectable abundances; in total, 31 vibrational states or new isotopic were assigned for the first time. Because this reaction screening technique can be implemented relatively easily, it may be an appealing alternative to traditional methods for detecting new species of plausible astronomical interest, their isotopic species, and in vibrationally excited states. Although many transitions have been assigned, a large fraction (∼40%) remain unidentified, implying the discovery space for entirely new compounds is still sizable. The use of CP-FTMW spectroscopy as a tool for molecular discovery was illustrated several years ago in the astronomical identification of ethaninimine (CH 3 CHNH) 3 and Ecyanomethanimine (HNCHCN). 45 In that study, a nearly identical discharge source was employed, and acetonitrile (CH 3 CN) and ammonia (NH 3 ) were used as precursors. By directly comparing cm-wave CP-FTMW spectra to a frequency-coincident molecular line survey of the Sagittarius B2(N) star-forming region, several frequency coincidences were found, strongly suggesting a common carrier; subsequent laboratory work ultimately established the presence of both species in the interstellar medium (ISM) for the first time. Both CH 3 CHNH and HNCHCN, however, were studied at least to some extent in previous microwave investigations. [46] [47] [48] In this sense, MST extends previous efforts by its ability to systematically and rapidly identify lines that arise from a unique species, regardless of whether the identity of the carrier is known from prior work. In combination with theoretical calculations and other tests and assays, it is then often possible to deduce the elemental composition and structure of the carrier, as recent work on the isomers of H 2 C 5 O and other long-chain cumulenones demonstrates. 49 By performing laboratory measurements at centimeter wavelengths with a jet source, where the detection sensitivity and the spectral resolution are both very high, and spectral confusion is not an issue, measurements can be extended with little uncertainty to millimeter-wavelengths, where powerful millimeterwave interferometers such as ALMA operate. Because spectral confusion is also much more common in laboratory spectra at these wavelengths, there is great practical utility in using microwave data as a 'stepping stone' to higher frequencies. The identification and assignment of a significant number of new transitions of C 2 S and C 3 S in legacy spectra from our laboratory are but one such example. Because the fits span both high and lowfrequency data, transitions at intermediate frequencies can be trivially predicted with high accuracy. 
Note: Transitions of C 3 S in v 1 = 1, v 4 = 1, v 5 = 1, 2, and (v 1 , v 3 ) = (1, 1) have also been observed for the first time in the centimeter domain using previously reported spectroscopic constants for these states 38, 39 , see Table A8 .
Finally, the fairly exhaustive analysis of the microwave spectra by MST enables a comprehensive characterization of the chemical and physical processes that are operative in an electrical discharge starting with either CS 2 alone, or in combination with a hydrocarbon, either HCCH or HC 4 H. Several examples highlighting this point are given in the sections that follow, including the formation pathways of C 2 S and C 3 S, their vibrational excitation, and the abundances of long-chain molecules in comparison to the ISM.
Formation of C 2 S and C 3 S
Following the detection of the simplest C n S thiocumulenes, C 2 S and C 3 S, in the ISM, 22, 24 in the late 1980s, the formation pathways of these molecules and longer members has been a topic of considerable debate. While ion-neutral reactions involving S + were originally believed to be sufficient to reproduce the observed abundances, 50 detailed modeling based on these reactions revealed a sizable discrepancy (of several orders of magnitude) between predicted and observed abundances in IRC+10216. 51, 52 Subsequent theoretical investigations suggested that neutral-neutral and radical-neutral reactions likely play a significant role, 53,54 a supposition which has recently been supported by observations of unequal 13 C ratios in C 2 S and C 3 S towards the cold, dark molecular cloud TMC-1. 55 Indeed, from the observed [C 13 CS]/[ 13 CCS] abundance ratio of ∼4 in the cold molecular clouds TMC-1 and L1521E, Sakai et al. 55 concluded that reactions involving S/S + are not the main pathway to C 2 S, and this species is instead likely formed from two reactants, each of which contributes a C atom. An analogous argument has been put forth for C 3 S 56 .
In the laboratory, it is well established from prior experiments that, as in the interstellar medium, S and CS are the major fragmentation products in an CS 2 electrical discharge 57 , and that the fractional ionization is very low, of order 10 −5 or less, when a heavy inert atom such Ne and Ar is used as the buffer gas 58 . As a result, the steady-state abundance of S + should be several orders of magnitude lower than atomic S, and the ion-molecule reactions probably contribute little to the operative chemistry.
Reactions between neutral and radical species are instead expected to dominate, where hydrocarbon fragments are likely formed via several competing reactions:
In our laboratory experiments, formation pathways for C 2 S include:
In fact, Eq. 7 is thought to be the most probable route to produce C 2 S in TMC-1. 55 Electrical discharge sources are notorious for their lack of specificity and rapid isotopic scrambling, and so we carried out C 2 S isotopic experiments with acetylene and 13 CS 2 in place of CS 2 , the results of which point to the importance of Eq. 8. Under our experimental conditions, relatively little 13 C enhancement is observed for either 13 CCS or C 13 CS, despite strong lines of normal CCS, an indication that the acetylenic unit remains largely intact during molecule formation, and that 13 C from 13 CS 2 serves largely as a spectator. This finding is consistent with earlier laboratory studies by Ikeda et al. 59 who first reported the rotational spectrum of 13 CCS and C 13 CS. In that study, they concluded the C≡C bond in acetylene did not cleave efficiently, as the use of an enriched sample of H 13 C 13 CH did not result in stronger lines of either of the two 13 C species. In fact, lines of the double-substituted species 13 C 13 CS were readily observed instead.
The formation of C 3 S through the radical-radical recombination reaction
would appear to be a particularly promising route to form C 3 S in our discharge experiments, since both radicals are known to be produced in high abundance from their respective precursors, and because radical-radical reactions are normally exothermic and barrierless. If a major pathway, it follows that the C−S bond should remain intact during molecule formation. Analogous experiments to those performed on C 2 S with 13 CS 2 , however, suggest a different pathway to C 3 S than Eq. 9. Under a wide range of conditions, including low concentrations of both precursors and very low discharge voltages, 13 C insertion appeared to occur facilely but with little selectively, with C 13 CCS or 13 CCCS only at most a factor of two less abundant than CC 13 CS. Equally surprising was the presence of strong lines of normal C 3 S under the same conditions. Taken together, these findings suggest that: (1) C 3 or a closely-related species such as C 3 H radical serves as a key reaction partner, but one that must be formed via a cyclic intermediate or transition state so as to produce a nearly statistically distribution of 13 C in the carbon chain; and (2) a subsequent reaction with free sulfur then yields C 3 S. Previous experimental and theoretical studies conclude that the reaction:
is the most energetically stable product channel starting from HCCH and either C( 1 D) or C( 3 P). This pathway is barrierless for C( 1 D) insertion, and while the same reaction with C( 3 P) is spinforbidden, it is still thought to proceed efficiently via intersystem crossing 60 . If relevant to our discharge chemistry, this reaction may also help explain why 13 C isotopic scrambling in longer hydrocarbon chains such as C 5 H, C 6 H, and C 7 H is so prevalent 61 .
Vibrational Excitation
Molecules produced in high abundance in our discharge source frequently possess some degree of vibrational excitation, and C 2 S and C 3 S are no exception. As demonstrated in earlier studies 62, 63 , rotational satellite transitions from vibrationally excited states are commonly observed for small abundant molecules despite the very low rotational temperature in the jet expansion (typically ∼1-3 K). The vibrational distribution is highly nonthermal due to the competition between excitation, which includes collisions with electrons having an average kinetic energy of 1-3 eV and the excess internal energy that the molecule may possess as a result of formation, and relaxation which is dominated by collisional cooling. As a consequence of these two competing factors, vibrational modes that have frequencies much below room temperature can be efficiently cooled on the timescale of the expansion, while one or more modes usually lying slightly above room temperature are "frozen out"; lines from high-frequency stretches are uniformly weak, ostensibly because the density of states increases quickly with vibrational energy, and there is a commensurate increase in the rate of internal vibrational relaxation (IVR). Given the complexity of IVR processes in polyatomic molecules, it is almost impossible to predict details of this behavior in advance, especially when the formation pathway and internal energy distribution of the molecule are rarely known. Nevertheless, the degree of vibrational excitation in our discharge experiments tends to fall off quickly with increasing size of the molecule, and is only infrequently observed for carbon chains with more than about six heavy (carbon-like) atoms. For C 5 S, for example, no lines that could be attributed to vibrationally excited states were identified in our CP-FTMW spectra, despite detection of lines of C 34 5 S in natural abundance. Because C 3 S has a 1 Σ + ground state with a harmonicallyrelated transitions, analysis of its rotational satellite transitions is fairly straightforward, and consequently many vibrational states from either the normal or its rare isotopic species were assigned for the first time ( Table 3) . As indicated in Fig. 2 , transitions from ν 3 , the lowest-energy stretching mode, and the ν 4 bend are particularly intense, regardless of whether acetylene or diacetylene is used as the hydrocarbon source. Excitation of ν 3 is especially prominent in that states with as much as four quanta (E ≈2892 cm −1 ) have been assigned. Table 4 provides a comparison of the experimentally-derived vibration-rotation constants α i to those predicted for C 3 S and C 2 S, in which α i were obtained by differences of the rotational constants with respect to the ground state using the expression:
where i refers to the mode ν i . For the ν 3 mode, in which transitions from multiple quanta were observed, α 3 was derived from linear regression as a function of the vibrational quantum number, v 3 ( Fig. 3 ) this analysis yields a precise, best-fit value within 10% of that predicted from Seeger et al. 42 .
How excess energy is partitioned among the five vibrational modes of C 3 S may provide clues as to its formation mechanism. It is perhaps not surprising that significant energy would be concentrated in the ν 3 mode (Fig. 4) because it involves motion of the C-S unit, and the reaction of S atom with C 3 (or a hydrocarbon fragment with the same number of C atoms) has been implicated as an important pathway to form C 3 S: based on our calculations with HEAT345(Q) thermochemistry, the association of C 3 + S −−→ C 3 S is highly exothermic (-594.8 kJ mol −1 ). Regarding how the reaction may occur, we can attempt to speculate on a mechanism based on the observed partitioning of this excess energy. As seen in Figure 4 , vibrational temperatures of order 700 K are found for ν 3 and ν 4 . This effective temperature is remarkably similar to those previously derived in our laboratory for chains such as HC 3 N. 63 Assuming the reaction proceeds barrierlessly, as is typical for radical-radical recombination reactions, the excess energy should be partitioned statistically. While the vibrational temperatures of ν 3 and ν 4 are comparable and therefore suggestive of a statistical distribution of states, the remaining vibrational modes (ν 1 , ν 2 , and ν 3 ) are also observed, but are much less intense. However, as mentioned earlier in this section, vibrations with frequencies that deviate from room temperature significantly are generally cooled efficiently, or scrambled through IVR. Given the large body of experimental measurements that are now available for C 3 S, it may be feasible to construct an accurate global potential energy surface, and trajectory simulations may prove enlightening. C 2 S possesses a 3 Σ − ground state with a very large spin-spin constant (λ ), which makes a detailed analysis of its vibrational excitation more challenging because the transitions are not strictly Table 4 Theoretical and experimental vibration-rotation (α i ) interaction constants of C 2 S, C 3 S, and C 4 S (in MHz).
Iso.
Vib. related to one another by ratios of integers at low J. Nevertheless, rotational lines from 10 vibrational states have been assigned either in our CP-FTMW spectra or in subsequent cavity searches at higher frequency, guided by theoretical calculations of the vibration-rotation coupling constants ( §2.5). These include either the fundamental or overtone of each mode or some combination of the three. This degree of excitation appears fairly common for small molecules, e.g. triatomics, that are either produced or subjected to an electrical discharge. Strong satellites transitions are frequently observed in most or all of the vibrational modes, presumably because coupling between modes is relatively inefficient due to a low density of states, and because rotational spectra of many small molecules can frequently be observed with very high SNRs. Although evidence was also found for all five vibrational modes of C 3 S, several are very weak in our spectra. In contrast, only two modes of C 4 S and no modes of C 5 S were found under the same experimental conditions, strongly suggesting that IVR plays a prominent role in rapidly and efficiently dissipating internal energy. The experimental α's derived for each state of C 2 S compare quite favorably to those calculated ( Table 4 ), indicating that the current theoretical treatment is adequate.
Production of Longer Sulfur-Terminated Carbon-Chains
The longest carbon chains detected in the ISM are C 8 H/C 8 H -, HC 9 N, C 3 S, and HC 5 O, for hydrogen, nitrogen, sulfur, and oxygen-bearing species, respectively. [64] [65] [66] [67] [68] [69] [70] In TMC-1, for example, lines of single 13 C-C 3 S have been reported, but no evidence has been found for C 5 S, despite the availability of precise laboratory rest frequencies 71 for more than 20 years, and construction of new single-dish telescopes, such as the 100 m GBT telescope, which have even greater collecting area. A tentative detection has been reported at higher frequencies in IRC+10216. 72 In contrast, radio lines of neutral and negatively-charged acetylenic chains as long as C 8 H/C 8 H -have been found in TMC-1. Under our experimental conditions, spectra of chains as long as C 7 S and C 8 H are simultaneously observed in CP-FTMW spectra, suggesting there is no obvious kinetic or thermodynamic obstacle to formation of sulfur-terminated chains beyond C 3 S. Rather, the stability of C 3 S combined with the well-known depletion of sulfur in dense, cold molecular clouds (at the level of 99.9% relative to the cosmic value 73 ) point to elemental abundance as a mitigating factor in the production of longer sulfur-terminated chains in this source.
Further Analysis
Despite attempts to comprehensively analyze the spectra of hydrocarbon-sulfur discharges, about 40% of the lines in our CP-FTMW spectra with a SNR in excess of 3 remain unassigned; the strongest of these are observed with a SNR close to 100. Undoubtedly some fraction of these lines arise from still higher quanta or combination modes of normal and isotopic C 2 S, C 3 S and C 4 S or other abundant discharge molecules, such as HC 3 S, HC(S)C 2 H, etc. while others may arise from relatively light molecules such as c-C 3 H 2 , which only possess a single transition in the 8-18 GHz frequency range of the CP-FTMW spectrometer. Because these features will have no DR matches in the measurement range, further analysis and assignment is challenging. Some of the strongest unidentified lines in the HC 4 H discharge, for example, were recently assigned to one or more quanta in the v 6 mode of c-C 3 H 2 in an unrelated study 74 . To more easily identify light molecules and more routinely detect multiple DR linkages of the same molecule, a three-band system for CP-FTMW operating between 2 and 26.5 GHz will soon be implemented.
Conclusions
An extensive MST analysis of several hydrocarbon/CS 2 discharges has revealed the presence of many vibrationally excited states of C 2 S, C 3 S and C 4 S. Subsequent analysis using new or existing theoretical vibration-rotation constants has enabled a total 27 new vibrational states of the three chains to be assigned; in combination with previously identified species, 90 unique products were assigned in the CS 2 +HC 4 H discharge. Predictions from the centimeter-wave data allowed previously unidentified lines of these species in archival millimeter-wave data to be identified and assigned with confidence. In this way, complete and accurate spectral catalogs of species over the entire range of interest to radio astronomers can be compiled for subsequent use in analyzing complex interstellar mixtures. This approach is particularly appealing for vibrationally excited species, which serve as excellent probes of physical conditions in the ISM, and offer access to different spatial scales than their ground vibrational state counterparts, particularly in regions where the lowest-energy species is optically thick. Finally, isotopic spectroscopy using 13 CS 2 indicated that the dominant formation pathway for C 2 S in our laboratory discharge likely proceeds through C 2 H + S, while C 3 S appears to be formed from a cyclic intermediate, since 13 C is found to be nearly randomly distributed along the chain.
Table A1
Ab initio vibrational frequencies and first order vibration-rotation coupling constants (α) for ground state C 2 S (X 3 Σ − ) and C 4 S (X 3 Σ − ) computed at the fc-CCSD(T)/cc-pVDZ level of theory using VPT2. Frequencies are given in cm −1 while α is provided in MHz. Table A2 Oxygen-, nitrogen-, sulfur-, and argon-containing species identified in each reaction mixture whose frequencies were known prior to present work. Numbers in the Table represent the signal-to-noise ratio of the strongest line assigned for each species. 
Species Mode Harmonic frequency Anharmonic frequency
Iso.
Vib. Note: Uncertainties (1σ ) are in units of the last significant digit. Best-fit constants derived from pure rotational frequencies reported in the literature 22, 59, 75 and line frequencies in Tables A3, A4 , and A5, using a standard linear molecule Hamiltonian in a 3 Σ electronic state, with or without l-type doubling. Values with no associated uncertainties were constrained to the value derived for the normal isotopic species. We note that the RMS values involving the ν 2 state are significantly larger than those for other vibrational states. This difference arises in part due to the small dataset combined with the need to include several lambda-doubling terms. A smaller RMS should be achieved by varying additional terms, but, for simplicity, we have chosen to report a fit in which only the leading constants were varied, and are well determined. Note: Uncertainties (1σ ) are in units of the last significant digit. Best-fit constants derived from line frequencies in Tables A8 & A9 and available pure rotational data from the literature 11, 24, 38, 56, 77 , using a standard linear molecule 1 Σ Hamiltonian, either with or without l-type doubling. Values with no associated uncertainties were constrained to the value of the normal isotopic species. 
